This study investigates the use of porous biphasic ceramics as graft extenders in impaction grafting of the femur during revision hip surgery.
This study investigates the use of porous biphasic ceramics as graft extenders in impaction grafting of the femur during revision hip surgery.
Impaction grafting of the femur was performed in four groups of sheep. Group one received pure allograft, group two 50% allograft and 50% BoneSave, group three 50% allograft and 50% BoneSave type 2 and group four 10% allograft and 90% BoneSave as the graft material. Function was assessed using an index of pre-and post-operative peak vertical ground reaction force ratios. Changes in bone mineral density were measured by dual energy X ray absorptiometry (DEXA) scanning. Loosening and subsidence were assessed radiographically and by histological examination of the explanted specimens.
There was no statistically significant difference between the four groups after 18 months of unrestricted functional loading for all outcome measures.
The restoration of bone stock is the greatest challenge in revision hip surgery. It may be achieved using impaction grafting with morsellised allograft from donor femoral heads. 1, 2 The problems of using allograft in impaction grafting include cost, availability, [3] [4] [5] [6] infection, [7] [8] [9] [10] antigenicity, reproducibility 11 and stability. Increasing numbers of revision arthroplasty procedures, and reduced availability of allograft, require alternative strategies to accommodate patient needs. The current solutions will not be sustainable in the future for various reasons. Xenograft and collagen matrix substances can cause infection or invoke antigenicity. 12, 13 Glass ionomers are non-resorbable and non-porous thereby preventing complete restitution of normal bone morphology.
14 However, these materials are osteoconductive and have been used experimentally. 15 In contrast, calcium sulphate resorbs very quickly and thus does not provide adequate mechanical stability before new bone formation occurs. 16, 17 One strategy is to extend the limited supply of allograft by using a proportion of synthetic bone graft substitute. The synthetic and allograft mixtures must provide initial functional stability. They should provide biocompatability, bone ingrowth and be resorbable, allowing replacement with host bone.
Hydroxyapatite and tricalcium phosphate ceramics have been shown to be capable of osseointegration 18 but concerns have been raised as to their ability to maintain their structural integrity under load. 19 Blom et al 20 have demonstrated that a porous biphasic ceramic allograft substitute (BoneSave, Stryker Howmedica Osteonics, Limerick, Ireland) is consistently more stable than allograft when used in impaction grafting in a femoral in vitro model.
In this study we hypothesise that allograft can be extended using different biphasic ceramic bone substitutes to provide biological and functional compatibility similar to that of pure allograft in an ovine hemiarthroplasty model.
Materials and Methods
Twenty skeletally mature Welsh mule ewes (body-weight 47 to 76 kg) underwent right unilateral hemiarthroplasty. Pre-medication comprised 0.1 mg/kg IM xylazine (Rompun, Bayer PLC, Bury St Edmunds, UK) and the prophylactic antibiotic sodium cefalexin 1 mg/ 18 kg (Ceporex, Schering-Plough, Welwyn Garden City, UK).
Anaesthesia was induced using 2.5 mg Midazolam (Hypnovel, Roche, Welwyn Garden City, UK) and 2 mg/kg ketamine hydrochloride (Ketaset, Fort Dodge Animal Health Limited, Southampton, UK) and maintained after intubation with halothane, oxygen and nitrous oxide. Post-operative analgesia was provided using 0.6 mg buprenorphine (Temgesic, Schering-Plough) twice daily.
A craniolateral approach was used and all cancellous bone was removed from the proximal femur. Femoral impaction grafting was performed with a custom designed, highly polished, double-tapered, stainless steel, cemented stem and antibiotic impregnated cement.
The sheep were allocated randomly to four groups each of five ewes. Group one received pure allograft, group two 50% allograft and 50% BoneSave (Stryker Howmedica Osteonics), group three 50% allograft and 50% BoneSave type 2 (Stryker Howmedica Osteonics) and group four 10% allograft and 90% BoneSave. BoneSave and BoneSave type 2 are both porous biphasic ceramics. BoneSave is 20% hydroxyapatite and 80% tricalcium phosphate. BoneSave type 2 is 80% hydroxyapatite and 20% tricalcium phosphate. All allograft was cancellous bone only obtained from humeral heads harvested from adult Welsh mule sheep and sterilised by irradiation (2.5 Gy by fixed source irradiation, Isotron Ltd, Swindon, UK), frozen and stored at -70˚C. In vivo assessment. Assessments were made pre-operatively and at 1, 2, 4, 6, 12 and 18 months after the operation. Peak ground reaction forces. The sheep were walked over a piezo-electric force plate (Kistler Instruments AG, Winterthur, Switzerland) in a walkway. Twelve readings of peak ground reaction forces were taken from each hind limb. The sheep were weighed on the same piezo-electric force plate and forces normalised to body-weight. Radiography. Craniocaudal radiographs were taken using a portable x-ray unit (PLH Medical Ltd, Watford, UK). Under general anaesthetic, the sheep were placed in the left lateral position with the right hip fully extended and abducted by 30˚. The plate was positioned dorsal to the hip with the source ventral using standardised distances and exposure. Radiographs were assessed on a ten-point scoring system for signs of loosening, endosteal bone lysis and graft resorption. The femoral shaft in each radiograph was divided into five regions of interest based on Gruen zones 21 as described below for DEXA (dual energy X ray absorptiometry) analysis. The radiographs were examined by the same blinded observer (AB). Each region of interest was scored out of two. One point was deducted if lucent lines thicker than 2 mm and longer than 4 mm were visible between either the cement and the graft, or the cortex and the graft. Two points were deducted if there was endosteal scalloping (representing loss of host bone). Two points were deducted for any evidence of graft voids (representing resorption of graft without neo-ossification). Radiographs for each animal were analysed in a chronological series so that changes over time would be evident. DEXA scanning. Under general anaesthetic, the sheep were scanned in an inclined supine position in a specially constructed frame designed to hold the hip flexed at 30˚ and neutral with regard to abduction/adduction and rotation. A soft-tissue attenuator was placed over the right hip. The scans were analysed to determine the bone mineral density in defined regions of interest.
We designated five regions of interest based on Gruen 21 zones: region 1, the lateral aspect of the proximal femur from the level of the femoral neck resection to 2.5 cm distally; region 2, the lateral aspect of the proximal femur from 2.5 cm to 5 cm from the level of the femoral neck resection; region 3, the lateral and medial aspect of the proximal femur from 5 cm to 6 cm from the level of the femoral neck resection (5 cm from the femoral neck resection corresponds with the level of the tip of the prosthesis); region 4, the medial aspect of the proximal femur from 2.5 cm to 5 cm from the level of the femoral neck resection; and region 5, the medial aspect of the proximal femur from the level of the femoral neck resection to 2.5 cm distally.
The DEXA scans were analysed using a Hologic QDR-1000/W system (Hologic, Bedford, Massachusetts). The data package subtracted soft tissue and metal from the regions of interest, measured the area in each region (cm 2 ) and measured the bone mineral content (grams). The bone mineral density in each area was then calculated (gram/ cm 2 ). In order to establish reproducibility a single sheep was scanned seven times. Between each scan, the sheep was removed from the scanning table and the frame dismantled and removed. Post-mortem examination of retrieved specimens. The sheep were killed at 22 months under general anaesthetic with barbiturate overdose, and the femora harvested. The explanted specimens were examined manually for gross loosening of the prosthesis.
Transverse slits alternately penetrating the medial and lateral cortex of the specimens were made every 2 cm using a diamond-edged EXAKT band saw (EXAKT, Hamburg, Germany). These slits aided infiltration of the fixative, dehydrating and embedding agents. The femur was fixed in formalin buffered with sodium cacodylate at pH 7.3 before being dehydrated in alcohol followed by infiltration and embedding in LR White methacrylate resin (London Resin Co Ltd, Berks, UK). Using the band saw, transverse slices measuring 5 mm thick were taken through the implant and the femur at the levels of the tip, mid and proximal stem. These slices were radiographed. From these slices thinner sections measuring between 50 and 80 µm thick were made, followed by grinding and polishing on an EXACT grinding machine. Sections were stained with toluidine blue followed by paragon before being viewed by light microscopy. Analysis of data. The results from the four groups were compared by analysis of variance (ANOVA).
Results
Peak ground reaction forces. The mean peak ground reaction force ratio and standard deviations of the operated limb to contralateral control are shown as a function of time in Figure 1 . Post-operatively the peak ground reaction forces became lower in all four groups and levelled out without returning to their pre-operative level. ANOVA showed no statistically significant differences in functional weight-bearing between the four groups at each time point. Radiography. The mean radiographic scores are outlined in Table I . There were no significant differences in scores between groups at any time point. At 18 months group three (50% BoneSave type 2/50% allograft) had a median score of eight, while the three other groups had a median score of nine. Trabecular formation was evident on two of the radiographs of the specimens from the sheep in group one (Fig. 2) , but not from any sheep which received either BoneSave or BoneSave type 2, where the ceramic granules were still clearly visible within new bone formation on radiographs at 22 months (Fig. 3) . DEXA scanning. The coefficient of variation as a function of region ranged from 3% to 8% (Table II) . Bone mineral density changes over time in the five regions of interest did not show statistically significant differences at any time point with ANOVA. An example in region 4 is shown in Figure 4 . Clinical examination of retrieved specimens. Of the 20 specimens 16 were well fixed. One specimen from group one and one specimen from group two were loose and could be removed from their cement mantles with ease. One specimen from group two and one specimen from group three were rotationally unstable, with an excursion of 10˚ and 20˚ respectively, but could not be removed from their cement mantle. All four of these sheep had radiographic signs of loosening. They also had peak ground reaction forces at 18 months that were more than two standard deviations below their pre-operative means. Craniocaudal radiograph from the allograft group (group one) showing remodelling with trabecular formation at 22 months. Histological assessment. Transverse sections at a level halfway down the prosthesis, using both micro-CT and light microscopy, showed good bone ingrowth in all groups. No differences were seen between groups. New bone formed around the graft particles in all graft types (Fig. 5) . At high power there was evidence of the synthetic ceramic particles breaking down with bone ingrowth around and within the degrading granules (Fig. 6 ).
Discussion
The ovine hip is a good model for revision hip arthroplasty as it resembles the human clinical situation with a paucity of cancellous bone, wide medullary cavity and a smooth endosteal cavity. It allows monitoring of functional as well as biological parameters. The hip forces in the sheep correlate well with those in the human in both relative magnitude and direction 22 and thus functional loading of the graft composite would be similar to that encountered in the human clinical setting. A hemiarthroplasty model avoids many of the confounding variables introduced by an acetabular prosthesis thereby simplifying the model.
There was no significant difference in functional outcome (as measured by peak ground reaction forces) or bone mineral density in the various regions of interest between the groups. Within the groups, there were no significant changes over time in bone mineral density in the various regions of interest.
Radiographic changes of endosteal scalloping as well as low peak ground reaction forces were indicators of loosening of the prosthesis, which occurred in a few sheep with pure allograft and both 50/50 mixtures of ceramic and allograft, but not with the mixture of 90% BoneSave and 10% allograft.
Restoration of trabeculae within the graft was seen in the radiographs of two specimens of pure allograft, but not in those of specimens from any of the groups containing mixtures of BoneSave and allograft. The high radiodensity of the graft and persistence at 18 months may have obscured a radiological appearance of ordered neo-trabecularisation. At 18 months, the granules of BoneSave and BoneSave type 2 were still clearly visible radiologically. The persistence of these granules may help maintain composite stability. Previous studies have shown that tricalcium phosphate ceramics are rapidly resorbed when implanted in animals. 23, 24 This was not the case in this study, probably due to the high crystallinity (>80%) of the synthetic materials.
The mixtures of allograft and BoneSave performed as well as pure allograft in impaction grafting of the femur in all outcome measures. The success of the 90% mixture of synthetic graft has significant clinical implications in terms of allograft savings. High-power photomicrograph to show new bone formation within the graft and around degrading ceramic synthetic graft particles (x10.2)
